Introduction {#sec1-1}
============

Bone metastasis {#sec2-1}
---------------

Bone metastases occur in more than 1.5 million patients with cancer worldwide\[[@ref1]\] and are most commonly associated with cancers of the prostate, lung, and breast; with incidence rates as high as 75% of patients with metastatic disease.\[[@ref2][@ref3][@ref4][@ref5][@ref6]\] Bone metastases can result in incapacitating clinical sequelae including skeletal-related events (SREs).\[[@ref7]\] SREs can cause debilitating pain that often requires aggressive management with radiation therapy and narcotic analgesics, pathologic fractures that may impair ambulation, surgery to prevent or treat pathologic fractures or manage pain, and spinal cord compressions that can result in numbness or weakness, urinary or fecal incontinence, and paralysis.

A key objective in managing the skeletal morbidity associated with bone metastases is to inhibit excessive osteolysis and interrupt the vicious cycle of bone destruction, tumor growth, and further bone destruction; thus preventing or delaying the complications from bone metastases (i.e., SREs). The underlying pathophysiology of bone metastases, irrespective of the underlying malignancy and radiographic appearance as osteolytic, mixed, or osteoblastic includes a locally increased pathologic rate of bone remodelling, including increased osteoclast activity.\[[@ref8][@ref9]\] Accumulating evidence shows that tumor cells interact within the bone to stimulate the receptor activator of nuclear factor kB (RANK)-RANK ligand (RANKL) system, leading to cancer-induced bone destruction.\[[@ref8]\] Additional data suggest that RANKL also may play a role in primary tumorigenesis and metastasis.

RANK and RANKL and role in bone metastasis {#sec2-2}
------------------------------------------

The expression of RANKL is controlled by numerous cytokines and hormones, commonly known as regulators of the immune system and calcium homeostasis. Among the proresorptive factors are 1,25(OH) 2 vitamin D3, parathyroid hormone (PTH), and parathyroid hormone-related protein (PTHrP), prostaglandin E2, interleukin-1 and -6, tumor necrosis factor (TNF), prolactin, and corticosteroids. However; estrogens, calcitonin, transforming growth factor-beta, platelet-derived growth factor, and calcium induced osteoprotegerin (OPG) expression, leading to neutralization of RANKL; and thereby inhibition of osteoclastogenesis and resorption.\[[@ref10]\]

Recent evidence indicates that osteoblastic metastases form on trabecular bone at sites of previous osteoclast resorption. In fact, such resorption is necessary for subsequent osteoblastic bone formation.\[[@ref11][@ref12]\] These findings suggest that prostate cancer cells induce bone production through an overall increase of bone remodelling.\[[@ref13]\] In fact, animal models of prostate cancer metastasis have shown that skeletal lesions frequently exhibit increased osteoclast activation and osteolysis, although bone metastases radiologically have an osteoblastic appearance.\[[@ref14]\] When neoplastic cells from prostate cancer metastasize to bone, they initially induce osteoclastogenesis and bone resorption. RANK, RANKL, and its soluble decoy receptor OPG play an essential role in the regulation of this process.\[[@ref15]\] It has been shown that metastatic prostate cancer cells in bone (and not at other sites) express both RANKL and its "antagonist" OPG. OPG, however, seems to have a primarily nuclear localization in these cells, whereas normally it is expressed in the cytoplasm. This could affect the bioavailability of this protein.\[[@ref16]\] Similar findings have been made in *in vitro* experiments with multiple myeloma cells.\[[@ref17]\] Breast cancer cells have been shown not only to express RANK,\[[@ref18]\] but also to upregulate RANKL expression by osteoblasts and bone marrow stromal cells.\[[@ref19]\] Prostate cancer cells can also upregulate RANKL expression in osteoblasts.\[[@ref20]\]

RANKL inhibitors: Development {#sec2-3}
-----------------------------

Numerous experimental models of bone metastasis have shown that RANKL antagonists prevent tumor-associated osteolysis and significantly reduced skeletal tumor burden.\[[@ref21]\] Animal models that mimic advanced prostate, breast, or non-small cell lung cancer, representing both osteolytic and osteoblastic skeletal lesions, have demonstrated that the RANKL inhibitors RANK-Fc or OPG-Fc were effective in preventing or delaying of bone metastases and reducing progression of tumors in the skeleton \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref22]\] In addition, preclinical models of multiple myeloma bone disease have shown that inhibition of RANKL reduced osteolysis\[[@ref23]\] and tumor burden while increasing survival.\[[@ref24]\] Various studies have also evaluated the effect of RANKL inhibition in conjunction with chemotherapeutic agents.

![Denosumab-Development](SAJC-2-272-g001){#F1}

The combination of RANKL inhibition with hormonal therapy or chemotherapy resulted in significantly greater inhibition of skeletal tumor growth than either single agent alone in the breast, prostate, or lung cancer models examined, respectively. In addition to mediating tumor-induced bone destruction, RANKL also seems to be involved in tumorigenesis and metastasis. Treatment of RANK-expressing cancer cell lines with RANKL stimulates production of osteotropic factors and enhances the migration of RANK expressing tumor cells to bone.\[[@ref25]\] A model of carcinogen and hormone-induced breast cancer demonstrated that RANKL inhibition with RANK-Fc significantly delayed mammary tumor formation in transgenic mice and almost completely blocked tumor formation in wild-type mice.\[[@ref26]\] The reduction and delay in mammary tumor formation was not observed with IV zoledronic acid. This suggests that the effect of RANKL on tumor formation is independent from the effect of RANKL on osteoclastogenesis.

Denosumab: Mechanism of Action {#sec2-4}
------------------------------

Denosumab is a fully human immunoglobulin G2 monoclonal antibody with high affinity and specificity for human RANKL. By binding to RANKL, denosumab inhibits RANKL from activating its only receptor RANK on the surface of osteoclasts and their precursors. Prevention of RANKL-RANK interaction inhibits osteoclast formation, function, and survival; thereby decreasing bone resorption and interrupting cancer-induced bone destruction.

Denosumab: Drug metabolism and elimination {#sec2-5}
------------------------------------------

Denosumab follows nonlinear, dose-dependent pharmacokinetics. The bioavailability of one subcutaneous denosumab injection is 61% and serum concentrations are detected within 1 h. Maximal serum concentrations are achieved in 5-21 days and denosumab may be detectable for 9 months or longer. Based upon monoclonal antibody pharmacokinetics, denosumab is most likely cleared by the reticuloendothelial system with minimal renal filtration and excretion. The elimination half-life of denosumab is 32 days, and the terminal half-life is 5-10 days. Denosumab does not incorporate into bone.

Denosumab: Early phase clinical trials {#sec2-6}
--------------------------------------

A phase 1 study compared the safety, pharmacokinetics, and pharmacodynamics of denosumab in patients with multiple myeloma and bone lesions (*n* = 25) or breast cancer and bone metastases (*n* = 29) with intravenous (IV) pamidronate.\[[@ref27]\] Administration of denosumab resulted in rapid reductions in biochemical markers of bone turnover, in a dose-dependent manner, which lasted up to 13 weeks. Furthermore, safety data suggested that denosumab was well-tolerated by these patients.

Two separate phase 2 trials evaluated the efficacy and safety of multiple dosing regimens in patients with cancer and bone metastases. In patients with breast cancer and bone metastases who were naive to treatment with IV bisphosphonates (*n* = 255), denosumab suppressed bone turnover similarly to that of IV bisphosphonates.\[[@ref28][@ref29]\]

The second phase 2 study evaluated the effect of denosumab treatment in patients with advanced cancer and bone metastases or multiple myeloma with bone disease who had previously been treated with IV bisphosphonates (*n* = 111) yet still had elevated concentrations of urinary N-telopeptide normalized to urinary creatinine (uNTx/Cr) (≥50 nmol/mmol). A significantly greater proportion of patients who received denosumab had uNTx/Cr levels ≥50 nmol/mmol at week 13 compared with those who continued receiving IV bisphosphonate therapy.\[[@ref30]\] These data suggest that denosumab treatment may further suppress markers of bone resorption even in patients who were previously treated with IV bisphosphonates. Although these studies were not powered to detect differences in the incidence of SREs between treatment groups, fewer SREs were experienced by patients in the denosumab than in the IV bisphosphonate groups. Results from both trials also showed that denosumab was well tolerated by this patient population.

These phase 2 trials also compared multiple dosing regimens of denosumab. The 120 mg dose of denosumab administered subcutaneously (SC) once every 4 weeks (Q4W) was the minimal dose that maintained maximal suppression of bone turnover over the entire dosing interval in a high proportion of patients. This dose was selected for use in the registrational trials in patients with advanced cancer and bone metastases.

Denosumab: Pivotal Phase III registrational trials; comparison to zoledronic acid {#sec2-7}
---------------------------------------------------------------------------------

The first phase III trial to compare directly denosumab to zoledronic acid in patients with metastatic breast cancer had a total of 2,046 biphosphonate naive patients (except treatment with oral bisphosphonates for osteoporosis). Patients received denosumab 120 mg or zoledronic acid 4 mg every 4 weeks. Primary study endpoint was time to first on-study SRE (noninferiority); secondary endpoints consisted of time to first on-study SRE (superiority) and time to first and subsequent on-study SREs.\[[@ref31]\] In the denosumab group, a significant delay in time to first on-study SRE was observed (hazard ratio (HR) 0.82; 95% confidence interval (CI) 0.71-0.95; *P* \< 0.001 noninferiority). Median time to first on-study SRE was 26.4 months in patients receiving zoledronic acid, and was 32.4 months in the denosumab group. Furthermore, denosumab reduced the risk of experiencing multiple SREs (analysis of time to first and subsequent on-study SRE) significantly (HR 0.77; 95% CI 0.66-0.89; *P* = 0.001). A similar time to pain improvement was observed in both treatment arms. Rates of severe and serious adverse events were similar between both treatment groups. Significantly more cases of pyrexia, bone pain, arthralgia, and renal failure were observed in the zoledronic acid group; while hypocalcemia and toothache, not associated with the development of osteonecrosis of the jaw (ONJ), were seen more often in patients receiving denosumab. Importantly, the overall rate of ONJs, was similar in the respective treatment groups \[[Table 1](#T1){ref-type="table"}\].\[[@ref31][@ref32]\]

###### 

Primary end point of three RCT of Denosumab, time to first onset SRE, and results

![](SAJC-2-272-g002)

Another phase III trial was conducted in a mixed population of patients with different advanced solid cancers (excluding prostate and breast cancer) and multiple myeloma. Similar to NCT00321464 trial in breast cancer, the primary study endpoint, noninferiority to zoledronic acid, was met (HR 0.84; 95% CI 0.71-0.98; *P* = 0.0007), although a superiority of denosumab was not established. The trial design and dosage of denosumab and zoledronic acid were identical to the former trial. Overall, 1,776 patients were randomized to receive bone-targeted therapy over a 34-month trial horizon. The investigators reported equivalence in time to first SRE between drugs.\[[@ref33]\] The proportion of patients developing any SRE was 31.4 and 36.3% in the denosumab and zoledronic acid groups, respectively (the *P* value was not significant) (Henry *et al*., 2011).

In the trial by Fizazi *et al*., which compared zoledronic acid to denosumab in prostate cancer, 1,901 patients meeting the eligibility criteria were randomized one to one to either denosumab 120 mg subcutaneous injection or to IV injection of zoledronic acid 4 mg adjusted for creatinine clearance.\[[@ref34]\] The primary endpoint was time to first SRE. Patients randomized to receive denosumab had a longer time to first SRE (20.7 vs 17.1 months; HR 00.82; *P* = 0.008). Over the 41-month study duration, the proportion of denosumab and zoledronic acid patients developing at least one SRE was 35.9 and 40.6%, respectively, for an absolute difference of 4.7% \[[Table 1](#T1){ref-type="table"}\].

Denosumab was also safer than zoledronic acid in terms of acute drug reactions and renal toxicity. Similar to the results of the other studies the incidence of ONJ and hypocalcemia were higher in the denosumab group

Denosumab: Phase III studies; Prevention of bone loss in cancer patients {#sec2-8}
------------------------------------------------------------------------

NCT00089674, also known as the Hormone Ablation Bone Loss Trial (HALT)-prostate cancer trial, was a randomized double-blind, placebo-controlled phase III trial that accrued 1,468 men with nonmetastatic prostate cancer receiving androgen deprivation therapy (ADT). The purpose was to evaluate denosumab in the prevention of bone loss in this group of patients. The subjects were randomized to either 60 mg of denosumab by subcutaneous injection every 6 months or placebo, together with calcium and vitamin D supplements. The primary endpoint was percent change of bone mineral density (BMD) in the lumbar spine after 24 months of treatment, and fracture rate was a secondary endpoint. The results indicated a significant difference between the two treatment arms, with a 5.6% increase in BMD in the denosumab group and a 1.0% decrease in the placebo group (*P* = 0.001). There was also a significant difference in vertebral fracture rate at 36 months in favor of denosumab: 1.5 vs 3.9% (*P* = 0.006). Rates of adverse events were similar between the two groups, and no cases of were reported \[[Table 2](#T2){ref-type="table"}\].\[[@ref35]\]

###### 

Denosumab: Prevention of bone loss studies and the results
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In another phase 3, double-blind, randomized, placebo-controlled study in men with nonmetastatic castration resistant prostate cancer at high risk of bone metastasis received denosumab 120 mg or subcutaneous placebo every 4 weeks. The primary endpoint was bone metastasis-free survival, a composite endpoint determined by time to first occurrence of bone metastasis (symptomatic or asymptomatic) or death from any cause. A total of 1,432 patients were randomly assigned to treatment groups (716 denosumab, 716 placebo). Denosumab significantly increased bone metastasis-free survival by a median of 4.2 months compared with placebo (median 29.5 (95% CI 25.4-33.3) vs 25.2 (22·2-29.5) months; HR 0.85, 95% CI 0.73-0.98, *P* = 0.028). Denosumab also significantly delayed time to first bone metastasis (33.2 (95% CI 29.5-38.0) vs 29.5 (22.4-33.1) months; HR 0.84, 95% CI 0.71-0·98, *P* = 0.032). Overall survival did not differ between groups (denosumab 43.9 (95% CI 40.1-not estimable) months vs placebo 44.8 (40.1-not estimable) months; HR 1.01, 95% CI 0.85-1.20, *P* = 0·91). Rates of adverse events and serious adverse events were similar in both groups, except for ONJ and hypocalcemia. Thirty-three (5%) patients on denosumab developed ONJ vs none on placebo. Hypocalcemia occurred in 12 (2%) patients on denosumab and two (\<1%) on placebo.\[[@ref36]\]

HALT Breast Cancer (HALT-BC) trial included 252 hormone receptor positive breast cancer patients on aromatase inhibitor therapy in adjuvant clinical setting. They were randomly assigned to receive either 60 mg of subcutaneous denosumab every 6 months (127 patients) or placebo (125 patients). All patients received supplementary vitamin D and calcium. The primary outcome measure was change in BMD. At 12 and 24 months, lumbar spine BMD had increased by 5.5 and 7.6%, respectively, in the denosumab arm vs placebo (P = 0.0001), with decreased bone turnover markers in the denosumab group. No differences in adverse events were found between the two groups.\[[@ref37]\]

Denosumab: Safety profile {#sec2-9}
-------------------------

Denosumab is generally well tolerated. Most significant safety concerns with denosumab are ONJ and infections.

ONJ is a serious adverse event in treatment targeting osteoclasts which include bisphosphonates given intravenously and denosumab. ONJ is a form of avascular necrosis where there is persistence of exposed, necrotic bone in the oral cavity for more than 8 weeks, and where there is no history of local evidence of malignancy or radiation exposure in the affected region.\[[@ref38]\] The association between osteoclast-targeted therapy and ONJ was first reported with IV bisphosphonates in the early 2000s. Overall, this relationship has been best described in patients receiving frequent IV bisphosphonate therapy such as pamidronate or zoledronic acid for prevention or management of skeletal-related complications of cancer.\[[@ref39]\]

ONJ has also been observed with denosumab therapy, primarily in the cancer patient population with bone metastases where denosumab is given every 4 weeks. An integrated analysis examined the frequency of ONJ in three blinded phase III trials in cancer patients with bone metastases comparing denosumab 120 mg SC vs zoledronic acid 4 mg intravenously given every 4 weeks.\[[@ref40]\] In this analysis, the cumulative rate of ONJ was similar for both arms: 1.3 and 1.8% in year 3 for zoledronic acid and denosumab, respectively. The median time of drug exposure before ONJ was 14 months for both treatment groups. Tooth extraction was the main risk factor associated with the development of ONJ.

In trials of patients where denosumab is given every 6 months to prevent bone loss (rather than to treat metastatic disease), ONJ has not been reported. For example, ONJ was not seen in the Future REvascularization Evaluation in patients with Diabetes mellitus: Optimal management of Multivessel disease (FREEDOM) registration trial, which enrolled postmenopausal women between the ages of 60 and 90 years with osteoporosis and randomized 3,902 women to the denosumab arm; denosumab was given at 60 mg SC every 6 months for 3 years.\[[@ref41]\] Similarly, in the trials where denosumab was given to prevent bone loss in patients with cancer, ONJ was not observed in the HALT-BC trial\[[@ref35]\] or the HALT-PC trial.\[[@ref37]\] However, in the denosumab 147 study, where denosumab 120 mg was given every 4 weeks, ONJ occurred in 5% of the denosumab arm over the course of the study. The absence of ONJ observed in the HALT-BC and HALT-PC bone loss prevention trials may be related to the lower intensity of denosumab administration in this patient population, as denosumab was given 60 mg every 6 months vs 120 mg every 4 weeks in the metastatic cancer patient population. Nevertheless, there have been case reports of ONJ where denosumab is given to prevent bone loss. For example, there were two cases of ONJ reported in patients who received denosumab for an additional 2 years after the FREEDOM trial.

Infections {#sec1-2}
==========

A possible effect on the immune system by denosumab was postulated based on preclinical data where RANKL was found to be a costimulatory cytokine for T-cell activation\[[@ref42]\] and lymphocyte development.\[[@ref43]\] However, the clinical data with denosumab is conflicting on this issue. A meta-analysis of nine randomized controlled trials where denosumab was used to mitigate bone loss in patients with osteoporosis or early breast cancer (EBC) showed an increased risk for infection with an odds ratio of 4.45 (95% CI 1.15-17.14).\[[@ref44]\] On the other hand, in the FREEDOM study (which was analyzed in the above meta-analysis), there was no clear relationship between overall infections and exposure to denosumab.\[[@ref45]\] However, skin infections such as cellulitis, including erysipelas, while infrequent, occurred significantly more in the denosumab arm (0.3%) compared to placebo (0.03%).\[[@ref45]\] These infections were not related to the injection site.\[[@ref45]\] Also related to the skin, eczema occurred more frequently in the denosumab group (3%) compared to the placebo group (1.7%) in this trial.

No dose adjustment is recommended for renal or hepatic impairment with available data for denosumab.

Denosumab: Food and drug administration approved indications and dosage {#sec2-10}
-----------------------------------------------------------------------

Prevention of SRE in prevention of bone metastasis from solid tumors; November 2010. Dose 120 mg SC once in 4 weeksPostmenopausal women with high fracture risk; June 2010. Dose 60 mg SC once in 6 monthsFor increasing bone mass in patients at high risk of fracture including ADT for nonmetastatic prostate cancer and on aromatase inhibitor (AI) for breast cancer; September 2011. Dose 60 mg SC once in 6 monthsUnresectable giant cell tumor of bone in adults and skeletally mature adolescents; June 2013. Dose 120 mg SC once in 4 weeks, additional two doses on day 8 and 15 of 1^st^ month.

Conclusions {#sec1-3}
===========

Denosumab is an effective agent for minimizing bone loss associated with certain cancer treatments. It has the advantage of convenience with subcutaneous administration and is not associated with acute phase reactions or renal toxicity. Importantly, data are emerging that demonstrates its effect on minimizing disease progression in prostate cancer. It remains to be seen if the use of denosumab to prevent bone loss in the cancer patient population will improve overall survival and how long-term side effects such as ONJ will evolve over time. While the role of denosumab in patients with metastatic bone cancer has been established, denosumab will play an increasing role in the supportive care and treatment of patients with early stage cancer to prevent bone loss.
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